Upon treatment with the pregnane X receptor (PXR) activator rifampicin (RIF), human hepatocellular carcinoma HepG2-derived ShP51 cells that stably express PXR showed epithelialmesenchymal transition (EMT)-like morphological changes and migration. Our recent DNA microarrays have identified hepatocyte nuclear factor (HNF) 4a and insulin-like growth factorbinding protein (IGFBP) 1 mRNAs to be downregulated and upregulated, respectively, in RIF-treated ShP51 cells, and these regulations were confirmed by the subsequent real-time polymerase chain reaction and Western blot analyses. Using this cell system, we demonstrated here that the PXR-HNF4a-IGFBP1 pathway is an essential signal for PXR-induced morphological changes and migration. First, we characterized the molecular mechanism underlying the PXR-mediated repression of the HNF4a gene. Chromatin conformation capture and chromatin immunoprecipitation (ChIP) assays revealed that PXR activation by RIF disrupted enhancer-promoter communication and prompted deacetylation of histone H3 in the HNF4a P1 promoter. Cell-based reporter and ChIP assays showed that PXR targeted the distal enhancer of the HNF4a P1 promoter and stimulated dissociation of HNF3b from the distal enhancer. Subsequently, small interfering RNA knockdown of HNF4a connected PXR-mediated gene regulation with the PXRinduced cellular responses, showing that the knockdown resulted in the upregulation of IGFBP1 and EMT-like morphological changes without RIF treatment. Moreover, recombinant IGFBP1 augmented migration, whereas an anti-IGFBP1 antibody attenuated both PXR-induced morphological changes and migration in ShP51 cells. PXR indirectly activated the IGFBP1 gene by repressing the HNF4a gene, thus enabling upregulation of IGFBP1 to change the morphology of ShP51 cells and cause migration. These results provide new insights into PXR-mediated cellular responses toward xenobiotics including therapeutics.
Introduction
Pregnane X receptor (PXR, NR1I2), an orphan member of the nuclear steroid/thyroid receptor superfamily, is characteristically activated in response to numerous xenobiotics, including therapeutics (Kliewer et al., 1998) . Upon activation, PXR regulates transcription of its target genes, playing roles in various liver functions from metabolism and excretion of therapeutics to energy metabolism (i.e., gluconeogenesis, lipogenesis, b-oxidation, and ketogenesis) (Kodama et al., 2004; Kodama et al., 2007; Nakamura et al., 2007) . Through these regulations, PXR acts as a regulatory factor for various diseases, such as nonalcoholic steatohepatitis and fatty and cholestatic livers (Staudinger et al., 2001; Kakizaki et al., 2008; Konno et al., 2008; Wada et al., 2009; Zhou et al., 2009) . In addition to these roles in metabolism, recent studies have indicated the regulation of cellular signals by PXR in various physiological and pathophysiological conditions. Treatment of pregnenolone 16a-carbonitrile, a potent rodent PXR activator, has been known to induce hepatocyte proliferation in rodents (Staudinger et al., 2001; Shizu et al., 2013) . Drug-activated PXR has been shown to protect human and rat primary hepatocytes from drug-induced apoptosis (Zucchini et al., 2005) . It has also been reported that PXR could alter both proliferative and apoptotic signal pathways in a cell typespecific manner in human colon cancer cell lines (Zhou et al., 2008; Ouyang et al., 2010) . Meanwhile, studies using in vivo mouse models of inflammatory diseases and human samples have reported that PXR has anti-inflammatory activity wherein activated PXR interacts with nuclear factor kB-mediated inflammatory signals and suppresses expression of nuclear factor-kB target genes (Zhou et al., 2006; Shah et al., 2007b) . Despite accumulating information, however, little is still known about PXR-mediated regulation of cellular signals.
Hepatocyte nuclear factor 4a (HNF4a, NR2A1), a member of the nuclear steroid/thyroid receptor superfamily, is one of the liver-enriched transcription factors (Sladek et al., 1990) . HNF4a plays important roles in liver development and regulates various liver functions, cooperating with other hepatocyte nuclear factors such as HNF1 and HNF3 (Li et al., 2000; Hayhurst et al., 2001; Kyrmizi et al., 2006) . Importantly, HNF4a plays a critical role in the development of liver cancer, such that the loss of HNF4a leads to increased cancer malignancy (Lazarevich and Alpern, 2008; Ning et al., 2010) . Moreover, its cross-talk with PXR has been studied in the regulation of xenobiotic metabolism and energy metabolism in the liver (Tirona et al., 2003; Bhalla et al., 2004; HwangVerslues and Sladek, 2010) . Whereas both HNF4a and PXR coordinately activate a number of genes in xenobiotic metabolism, recent findings have demonstrated that PXR could interfere with HNF4a-mediated expression of the key hepatic gluconeogenic genes (Bhalla et al., 2004; Kodama et al., 2007) .
Our recent study has demonstrated that drug activation of PXR activates the immediate stress responsive growth arrest and DNA damage-inducible 45b (GADD45b) gene to elicit the p38 mitogen-activated protein kinase (MAPK) signaling pathways, resulting in epithelial-mesenchymal transition (EMT)-like morphological changes and migration in HepG2 cells that stably express human PXR (called ShP51 cells) . In the study, DNA microarray analyses were carried out to characterize gene expression in the cells during the PXR-induced cellular responses and identified GADD45b as one gene responsible for those cellular responses. There remains a possibility that PXR elicits cellular signals by activating additional unidentified genes that encode signaling molecules. Our DNA microarray analyses also identified HNF4a and insulin-like growth factor-binding protein (IGFBP) 1 as genes that are responsive to activation of PXR, with HNF4a being downregulated and IGFBP1 being upregulated.
Here, we characterized the PXR-HNF4a-IGFBP1 pathway as an additional cellular signal that facilitates morphological changes and causes migration of ShP51 cells after activation of PXR. First, we attempted to explore the molecular mechanism underlying the PXR-mediated repression of the HNF4a gene. Upon activation by a therapeutic rifampicin (RIF), PXR targeted the distal enhancer region and caused repressive changes in the chromatin structure of the HNF4a P1 promoter. After the elucidation of the molecular mechanism, we identified IGFBP1 to be another PXR-regulated signaling molecule that was upregulated as a consequence of the PXRmediated downregulation of HNF4a and investigated the role of IGFBP1 in the PXR-induced EMT-like morphological changes and migration of ShP51 cells. Importantly, treatment with recombinant IGFBP1 augmented cell migration, whereas an anti-IGFBP1 antibody attenuated both induced EMT-like morphological changes and migration. As both IGFBP1 and GADD45b are known to regulate various cellular signals, PXR might enable cells to generate diverse cellular signals in response to xenobiotics, including therapeutics.
Materials and Methods
Rifampicin, SR12813 [[3,5- Vectors. pCR3/hPXR, pCR3/FLAGhPXR, pcDNA3.1/hHNF3b, XREM-3A4-Luc, adeno-hPXR, and adeno-b-gal were described previously (Kodama et al., 2007 . pCR3/ hPXR DAF2 and pCR3/FLAGhPXR DAF2 were, respectively, generated from pCR3/hPXR and pCR3/FLAGhPXR by site-directed mutagenesis using a QuickChange mutagenesis kit (Agilent Technologies, Inc., Santa Clara, CA) and proper pairs of mutagenic oligonuleotides. Human PXR DAF2 cDNA, digested from pCR3/hPXR DAF2 , was inserted into a pAdtrackCMV vector (American Type Culture Collection, Manassas, VA) to produce adeno-hPXR DAF2 . Human HNF4a P1 promoter containing the 27 kb/167 bp region in a pGL3-basic vector (Promega, Madison, WI) was kindly provided by Dr. Iannis Talianidis (Biomedical Sciences Research Center Alexander Fleming, Greece), and we denoted it pGL3/7kb-hHNF4a-P1 in the present study. A series of mutants of the human HNF4a P1 promoter were generated by site-directed mutagenesis with the following mutagenic oligonuleotides: Denhancer region, 59-ACCGAGCTCTTACGCGGGTCTTAATCAGGC TAAGG-39; HNF3 site, 59-CCTTTATCTCTCTTTGGTAACGAGATC AATTTGCTCAGGACCCAGC-39; DR1 site, 59-GGGGGAACAAGCA GACTATGTCGACTTGAGCAAAGCCTCTTC-39; C/EBP site, 59-GGA GGCCAGCGGCCTGGATCCTAACCCTGGAGGCCTG-39; HNF1 site, 59-CGCAAACTCATGCCCAGTCTAGATTGGAAGGCAAAATCAACAGGC-39.
Cell Culture, Drug Treatment, Transfection, and Infection. Human hepatocellular carcinoma (HCC) HepG2 cells were maintained in minimum essential medium (MEM) supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, penicillin (100 U/ml), and streptomycin (100 mg/ml) in an atmosphere of 5% CO 2 at 37°C. ShP51, a stable cell line that expresses human PXR, was produced and established by transfection of HepG2 with pCR3/hPXR . Cells were seeded at a density of 3 Â 10 5 cells per well of a six-well plate 48 hours before drug treatment. For real-time polymerase chain reaction (PCR) and Western blotting, respectively, total RNAs and whole-cell lysates were prepared from cells treated with 10 mM RIF in FBS-free MEM for a given time. For Luc reporter assays, cells were seeded at a density of 6 Â 10 4 cells per well of a 24-well plate. After 24 hours, cells were transiently transfected with human HNF4a P1 promoter-firefly luciferase with or without a combination of expression plasmid as described in the figure legends, using FuGene6 (Roche, Indianapolis, IN). pRL-CMV for Renilla luciferase (Promega) was included in all transfection as a control. Luciferase reporter assays were performed as previously described (Kodama et al., 2004) . For adenoviral infection, cells were seeded at a density of 3 Â 10 5 cells per well of a sixwell plate and cultured in MEM medium containing adeno-b-gal, adenohPXR, or adeno-hPXR DAF2 at a multiplicity of infection of 10 for 30 hours. After being washed with FBS-free MEM, these cells were treated with 10 mM RIF in FBS-free MEM for a given time. For small interfering RNA (siRNA) knockdown, trypsinized cells (1.5 Â 10 5 cells/well of a 12-well plate) were reverse-transfected with siRNA (50 pmol) in MEM medium, using Lipofectamine 2000 (Life Technologies, Carlsbad, CA). After 48 hours of incubation, total RNAs and whole-cell lysates were prepared for real-time PCR and Western blotting, respectively. Western Blotting. Cells were lysed and denatured in a fixed volume of NuPAGE LDS sample buffer (Life Technologies) and a fixed volume of the lysed cells was separated on a 10% SDS-PAGE gel and then transferred onto PVDF membrane. This membrane was blocked with 5% milk in tris-buffered saline with 0.05% (v/v) Tween 20 (TBS-T) for 1 hour at room temperature and then incubated with a given primary antibody in TBS-T containing 5% (w/v) bovine serum albumin for additional 16 hours at 4°C prior to incubation with secondary antibody in TBS-T with 5% milk for 1 hour at room temperature. Immunoreactive bands were visualized using ECL plus Western Blotting Detection Reagents (GE Healthcare, Piscataway, NJ).
Real-Time PCR. Total RNAs were extracted using TRIZOL reagent (Life Technologies) to synthesize cDNA using a High Capacity cDNA Reverse Transcription Kit (Life Technologies). Real-time PCR was performed with an ABI Prism 7700 sequence detection system (Life Technologies). Assays-on-Demand probes (Life Technologies) were used for PCR with the TaqMAN PCR Master Mix (Life Technologies): Hs00430021_m1 for the human cytochrome P450 3A4 (CYP3A4) gene; Hs00230853_m1 for the human HNF4a gene; Hs00604431_m1 for the P1 promoter-driven human HNF4a gene; Hs01025522_m1 for the P2 promoter-driven human HNF4a gene. SYBR Green PCR Master Mix (Life Technologies) was also used for PCR using the following sets of primers: for the human IGFBP1 gene, 59-GCCCTGCCGAATAGAACTCTAC-39 and 59-TCCATGGATG TCTCACACTGTCT-39; for the human IGFBP3 gene, 59-CGCCAGCTC CAGGAAATG-39, and TGCCCTTTCTTGATGATGATTATC-39; for the human heparin-binding epidermal growth factor-like growth factor (HB-EGF) gene, 59-TCTGGACCTTTTGAGAGTCACTTTATC-39 and 59-CGTGCTCCTCCTTGTTTGGT-39. The TaqMAN human b-actin control2 regents (Life Technologies) were used as the internal control.
Chromosome Conformation Capture Assays. The chromosome confirmation capture (3C) assays were performed as previously described but with minor modifications Saramaki et al., 2009; . Cells were seeded at a density of 1.2 Â 10 6 cells on a 100-mm dish 48 hours before treatments. The cells were washed with FBS-free MEM, treated with RIF, dimethylsulfoxide (DMSO), or PMA for the indicated time in FBS-free MEM, and cross-linked by adding formaldehyde (final 2% (v/v)) for 10 minutes at room temperature. After being washed with ice-cold phosphatebuffered saline (PBS), the cells were incubated in the SDS lysis buffer for chromatin immunoprecipitation (ChIP) assays on ice for 10 minutes and then briefly sonicated on wet ice with intent to just disrupt the cellular membrane. After centrifugation, the supernatants were collected and diluted in restriction enzyme buffer 3 containing 1.8% (v/v) Triton X-100. After incubation at 37°C for 1 hour, aliquots containing approximate 1 Â 10 6 nuclei were incubated with 500 U of BglII and 600 U of BclI at 37°C. Sixteen hours later, fresh enzymes were added to the reaction tubes and the digestion reaction was continued for another 4 hours. The reaction was terminated by adding SDS to a final concentration of 1.6% (v/v) and incubating for 20 minutes at 65°C. The digestion efficiency was confirmed by gel electrophoresis on a 2.0% agarose gel. An aliquot of digested chromatin was diluted with T4 DNA ligase buffer to 1% (v/v) final concentration Triton X-100 and 2.5 ng/ml of DNA and incubated at 37°C for 1 hour. The DNAs were ligated by using 1600 cohesive end units of T4 ligase for 4 hours at 16°C followed by 30 minutes at room temperature. Proteinase K, NaCl, and EDTA were added to the ligation mixture to final concentrations of 40 mg/ml, 0.2 M, and 1 mM, respectively. These mixtures were incubated at 65°C for 16 hours to reverse cross-linking and then treated with RNase A at 37°C for 30 minutes. The DNA was then purified by phenol extraction and ethanol precipitation. From the purified DNAs, ligated and control fragments were amplified by PCR using specific pairs of primers and resolved on a 2.0% (w/v) agarose gel. The PCR amplifications were quantified by densitometry, and the values were normalized by amplification of control products in each sample. The following primers were used for 3C assays: for the ligated fragment, 59-CCAGCAGTTGTAATTAGCACC-39 and 59-TTAA CTTCCAGGGTTGTCATG-39 ; for the control fragment, 59-CGCTTCCCATCCCTGTTTGGA-39 and 59-CTCCAGGGT TATGCAAGAGGCC-39.
ChIP Assays. The ChIP assay was performed using a ChIP assay kit (Merck Millipore). Cells were seeded at a density of 2.5 Â 10 6 cells on a 100-mm dish 48 hours before drug treatment. With the adenovirus infection, 24 hours after seeding, the cells were incubated for 30 hours with adenovirus at a multiplicity of infection of 10. These cells were then washed with FBS-free MEM and treated with RIF in FBS-free MEM for 6 hours, cross-linked by directly adding formaldehyde (final concentration, 1%) in medium, and incubated for 10 minutes at room temperature. After being washed with cold PBS, pellets of these cross-linked cells were sonicated to shear DNA in the SDS lysis buffer on wet ice. After being precleared by shaking with protein A or G, these lysates were incubated with 4 mg of antibodies or normal IgG at 4°C for 16 hours. The immunoprecipitated DNA was purified using a QIAquick PCR purification kit (Qiagen, Valencia, CA) according to the manufacture's instruction. The purified DNA was used as a template for semiquantitative and real-time PCRs with specific pairs of primers. The amplicon was resolved on a 2.0% (w/v) agarose gel. The following primers were used for ChIP assays: for the HNF4a-enhancer, 59-CGCTTCCCATCCCTGTTTGGA-39 and 59-CTCCAGGGTTATGCAAGAGGCC-39; for the HNF4a-proximal, 59-TGAGTCATGATGCCTGCCTTGTAC-39 and 59-CCTTCCTTTCAAAC CGTCCTCTG-39; for CYP3A4-XREM, 59-ACTCATGTCCCAATTAAA GGTC-39 and 59-TGTTCTTGTCAGAAGTTCAGC-39.
Immunoprecipitation Assays. Trypsinized HepG2 cells (2.5 Â 10 6 ) were reverse-transfected with expression plasmid as described in the figure legends, using FuGene6. After incubation for 30 hours, the cells were washed with FBS-free MEM and treated with 10 mM RIF in FBSfree MEM for 2 hours. Then, the cells were lysed in cold immunoprecipitation buffer (1% (v/v) Triton X-100, 150 mM NaCl, 10 mM Tris (pH 7.4), 1 mM EDTA, 1 mM EGTA (pH 8.0), 0.2 mM sodium orthovanadate, 0.2 mM PMSF, 0.5% NP-40, and 0.1% DMSO or 20 mM RIF) containing phosphatase inhibitor cocktail 1 and 2 (Sigma-Aldrich) for 20 minutes at 4°C. After centrifugation, the whole cell lysates were used for immunoprecipitation with FLAG-M2 agarose beads. After incubation for 2 hours at 4°C, the agarose beads were washed with immunoprecipitation buffer and subjected to Western blotting.
Cell Morphology and Migration. Cells (48 hours after seeding; 1 Â 10 5 cells/well in a 12-well plate) were incubated in FBS-free MEM with RIF for another 48 hours. These cells were fixed in PBS containing 5% (v/v) formaldehyde, followed by staining with a 0.1% (w/v) crystal violet solution. For siRNA knockdown, trypsinized cells were reverse-transfected with 40 mM of siRNA in MEM medium for 24 hours using Lipofectamine 2000 (Life Technologies). These cells were then maintained in FBS-free MEM for 48 hours before crystal violet staining. For antibody inhibition assays, control normal mouse IgG (1 mg/ml, Sigma-Aldrich), an anti-IGFBP1 (1 mg/ml), or an anti-IGFBP3 (1 mg/ml) antibody was added with RIF. Migration assays were performed using a 24-well transwell migration insert (Corning Incorporated, Corning, NY). For migration-stimulating and -inhibitory assays, a recombinant IGFBP1 (1 or 10 nM) and antibodies (normal mouse IgG, 1 mg/ml; anti-IGFBP1 antibody, 1 mg/ml; anti-IGFBP3 antibody, 1 mg/ml) were added to MEM in the lower chamber, respectively, in the presence of RIF or DMSO for 48 hours before crystal violet staining. PBS (1% (v/v)) was added in the corresponding control migrations.
Data Analysis. All data are presented as mean 6 S.D. Statistical analysis was performed by one-tailed Student's t test or one-way analysis of variance followed by either Dunnett's test or TukeyKramer's test. A value of P , 0.05 was considered significant.
Results
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and its clone that stably expresses human PXR, named ShP51, we had identified HNF4a as a gene that is downregulated by PXR under treatment with PXR activators . In the present study, we investigated the molecular mechanism for downregulation of the HNF4a gene by PXR. First, to confirm the DNA microarray data, we performed a time course analysis of the expression of the HNF4a gene in both parental HepG2 and ShP51 cells under RIF treatment by real-time PCR. As shown in Fig. 1A , a significant decrease in HNF4a mRNA was first observed at 4 hours after RIF treatment only in ShP51 cells. The levels of HNF4a mRNA gradually decreased for the duration of RIF treatment up to 24 hours. On the other hand, a typical PXR target CYP3A4 mRNA continuously increased for the duration of RIF treatment. SR12813, another human PXR activator we tested, was confirmed to decrease the levels of HNF4a mRNA and increase those of CYP3A4 mRNA in a PXRdependent manner (unpublished data). We also tested other independent clones that stably express human PXR and obtained results similar to those obtained with ShP51 cells (unpublished data).
The HNF4a gene is transcribed from either of two distinct promoters, P1 and P2 (Lazarevich and Alpern, 2008) . The HNF4a P1 promoter regulates the expression of splicing variants 126 in the liver, kidney, and intestine/colon, and the HNF4a P2 promoter dictates that of splicing variants 729 in the intestine/colon, stomach, and pancreatic b cells and is also active in the fetal liver. The transcripts of the HNF4a gene derived from both promoters are reported to be expressed in several human HCC cells, including HepG2 cells. To assess which promoter is downregulated by PXR in HepG2 cells, we measured the levels of transcripts derived from both promoters by real-time PCR using probes specific to each promoter (Fig. 1B) . In HepG2 cells, the HNF4a P1 promoter was predominantly active and the levels of HNF4a P2 promoter-derived transcripts were less than 10% of those of the HNF4a P1 promoter. In ShP51 cells, RIF treatment significantly decreased the levels of both promoter-derived transcripts (P1, about 80%; P2, about 55%) after 24 hours. These decreases were well correlated with the results of Western blotting using antibodies that specifically recognize the promoter-derived isoforms of HNF4a. In particular, the levels of the HNF4a P1-derived isoforms were dramatically decreased to the same extent as those of total HNF4a in ShP51 cells after treatment with RIF for 24 hours (Fig. 1C) . We also found that ectopic PXR downregulated the transcription driven by the HNF4a P1 promoter in the human HCC cell line Huh7, which expresses human PXR adenovirally (unpublished data). Therefore, we next focused on the molecular mechanism of PXR-mediated downregulation of the HNF4a P1 promoter.
PXR Disrupts a Long-Range Interaction between the Distal Enhancer and Proximal Promoter Regions of the HNF4a P1 Promoter. The HNF4a P1 promoter consists of the distal enhancer region extending around 26.5 kb from the transcription starting site and the proximal promoter region (Ladias et al., 1992; Parviz et al., 2003; Hatzis et al., 2006) . A previous report demonstrated that the distal enhancer region stays close to the proximal promoter region by taking a looping structure to upregulate transcription from the HNF4a P1 promoter in HepG2 cells (Hatzis and Talianidis, 2001) . To characterize the molecular mechanism by which PXR downregulates transcription from the HNF4a P1 promoter, we first performed 3C assays to determine whether Parental HepG2 and ShP51 cells were harvested at each time point after RIF treatment, and then total RNAs were prepared and subjected to real-time PCR. The levels of the total HNF4a and CYP3A4 mRNAs are expressed by taking their levels in the DMSO-treated parental HepG2 cells as one. Columns represent the mean 6 S.D. from three independent experiments in triplicate. *P , 0.05 versus DMSO (Student's t test); **P , 0.01 versus DMSO (Student's t test). (B) Twenty-four hours after RIF treatment, total RNAs were prepared from cells and subjected to real-time PCR using specific probes for transcripts derived from the HNF4a P1 and P1 promoters. The levels of HNF4a transcripts are expressed by taking the HNF4a P1 promoter-derived transcripts in the DMSO-treated parental HepG2 cells as one. Columns represent the mean 6 S.D. from three independent experiments in triplicate. *P , 0.05 versus DMSO (Student's t test); **P , 0.01 versus DMSO (Student's t test). (C) At time points of 12 and 24 hours after treatment with DMSO or RIF, whole-cell lysates were prepared and subjected to Western blotting using the following antibodies: total HNF4a, HNF4a-P1, HNF4a-P2, and actin. One representative of three independent experiments is shown. DM, DMSO. PXR modulates the communication between the distal enhancer region and the proximal promoter region. After the previous report , we used the restriction enzymes BglII and BclI to digest the HNF4a P1 promoter. We amplified a 224-bp DNA fragment to assess intramolecular ligation of the BglII site located at 245 bp and the BclI site located at 27562 bp from the transcriptional starting site (Fig. 2A) . RIF treatment significantly decreased PCR amplification by about 70% compared with DMSO treatment in ShP51 cells. On the other hand, no significant difference between the treatments was detected in parental HepG2 cells (Fig. 2B) . The PMA-mediated MAPK activation has been reported to disrupt a loop between the distal enhancer region and the proximal promoter region to downregulate the HNF4a P1 promoter-derived HNF4a isoforms . As a quality control, cells were also treated with protein kinase C activator PMA, a potent inducer of the Ras-Raf-MEK-ERK signal, and subjected to 3C assays. As expected, PCR amplification was significantly decreased in both parental HepG2 and ShP51 cells after PMA treatment (Fig. 2B) .
Subsequently, we performed ChIP assays to assess the levels of histone H3 acetylation in two regions of the HNF4a P1 promoter. In response to RIF treatment, acetylation at lysine 9 and lysine 14 was significantly reduced in both regions in ShP51 cells but not in parental HepG2 cells (Fig.  2C) . Interestingly, a previous study reported that PMA treatment does not change the levels of acetylation of histones H3 and H4 in those two regions . On the other hand, the levels of histone H3 acetylation were significantly increased in the distal enhancer of the CYP3A4 promoter in RIF-treated ShP51 cells (Fig. 2C) . Moreover, similar results were obtained from Huh7 cells that express PXR adenovirally (unpublished data). Based on these results, PXR appears to bring about changes in chromatin structure to downregulate the transcription from the HNF4a P1 promoter. Eight hours after treatment with DMSO or RIF, parental HepG2 and ShP51 cells were cross-linked by CH 2 O treatment, and then nuclei were prepared and subjected to 3C assays as described in Materials and Methods. From purified DNAs, formation of the 3C ligated fragment was detected by PCR amplification using TP1 and TP2 primers. A control fragment was also amplified using CP1 and CP2 primers to verify the quantity and quality of the DNA. The intensity of PCR amplification was quantified by densitometry, and the values were normalized by amplification of a control product in each sample and are expressed by taking the levels in the cells with DMSO treatment as one. Columns represent the mean 6 S.D. from at least three independent experiments. *P , 0.05 (Dunnett's test). DM, DMSO; nd, not detected. (C) Eight hours after treatment with DMSO or RIF, parental HepG2 and ShP51 cells were cross-linked by CH 2 O treatment and subjected to ChIP assays with normal IgG or anti-acetyl-histone H3 (K9/K14) antibody as described in Materials and Methods. The relative enrichment of the distal enhancer and proximal promoter regions of the HNF4a P1 promoter in the immunoprecipitated DNA fragments with anti-acetyl-histone H3 antibody was determined by real-time PCR. The XREM of the CYP3A4 promoter was also analyzed as a gene that PXR upregulates. Values are normalized by amplification of sample inputs and expressed by taking the values in the DMSO-treated parental HepG2 cells as one. Columns represent the mean 6 S.D. from three independent experiments. *P , 0.05 (Tukey-Kramer's test); **P , 0.01 (Tukey-Kramer's test). 
PXR Targets the Distal Enhancer Region to Repress
Transcription from the HNF4a P1 Promoter. Next, we performed cell-based Luc reporter assays using a 7 kb DNA fragment of the HNF4a P1 promoter (Hatzis and Talianidis, 2001) (Fig. 3A) . RIF treatment repressed the activity of 7-kb HNF4a P1 promoter constructs by approximately 60% in ShP51 cells, but not in parental HepG2 cells. A deletion of the distal enhancer region (Δ27/26.4 kb) decreased the activity of the 7-kb construct in both parental HepG2 and ShP51 cells and abrogated the response to RIF treatment in ShP51 cells. XREM-3A4-Luc reporter, a control for PXR activation, was strongly activated only in ShP51 cells in the presence of RIF. Similar results were obtained with Huh7 cells after cotransfecting the expression plasmid of PXR under the assay conditions (unpublished data). These results suggest that PXR targets the distal enhancer region to repress transcription from the HNF4a P1 promoter.
Previous studies have identified binding sites for HNF3b, HNF4a, C/EBPa, and HNF1a in the distal enhancer region of the HNF4a P1 promoter (Bailly et al., 2001; Hatzis and Talianidis, 2002; Hatzis et al., 2006) .To identify the factor(s) responsible for the response to PXR activation, we constructed and used a series of 7-kb constructs harboring point mutations in each binding site for the transcription factors (Fig. 3B) . Only a mutation introduced at the HNF3b-binding site strongly diminished the response to RIF treatment in ShP51 cells.
Given the results of Luc reporter assays, we performed ChIP assays to assess the occupation of the distal enhancer of the HNF4a P1 promoter by HNF3b (Fig. 3C) . As reported previously, HNF3b occupancy was strongly detected in both parental HepG2 and ShP51 cells . RIF treatment significantly reduced the signal of HNF3b occupancy only in ShP51 cells (by about 60%), not in parental HepG2 cells. On the other hand, ChIP assays showed recruitment of PXR to the distal enhancer of the HNF4a P1 promoter (Fig. 3C) , but not to the proximal promoter in RIFtreated ShP51 cells (unpublished data). As expected, RIF treatment significantly increased PXR occupancy in the molpharm.aspetjournals.org CYP3A4 promoter. We obtained similar results from Huh7 cells that express PXR adenovirally, observing reduced HNF3b occupancy and recruitment of PXR in the distal enhancer (unpublished data). Further immunoprecipitation assays showed that PXR interacted with HNF3b in a liganddependent manner (Supplemental Fig. 1) . Moreover, we confirmed that neither ectopic PXR nor RIF treatment had any effect on the levels of HNF3b protein for the duration of the assays (unpublished data). These results suggest that, upon activation by RIF, PXR targets the distal enhancer region of the HNF4a P1 promoter and stimulates dissociation of HNF3b from its binding site.
The Activation Function 2 Domain Determines the Repression Activity of PXR in the HNF4a P1 Promoter. The activation function 2 (AF2) domain is essential for the ligand-dependent properties of nuclear receptors through interaction with coregulators. We constructed a PXR mutant in which helix 12 of the AF2 domain was deleted and used it for further analyses. First, we transduced HepG2 cells with adenoviruses expressing wild-type PXR and the AF2 mutant. Real-time PCR analyses showed that RIF treatment decreased the levels of HNF4a mRNA in HepG2 cells expressing wild-type PXR, but not the AF2 mutant (Fig. 4A) . As expected, the wild-type PXR increased levels of CYP3A4 mRNA after RIF treatment and the AF2 mutant did not. Next, immunoprecipitation assays revealed functional defects caused by deletion of the AF2 domain (Supplemental Fig. 2) . The AF2 mutant lost its ligand dependency for interaction with HNF3b, even though a weak interaction was maintained. We then conducted ChIP assays to further examine functional defects of the AF2 mutant in this repression. We found that the AF2 mutant was recruited to neither the distal enhancer of the HNF4a P1 promoter nor that of the CYP3A4 promoter under RIF treatment (Fig. 4B) . These results indicate that the AF2 domain plays pivotal roles in this repression mechanism via interaction with HNF3b.
PXR Downregulates HNF4a to Change Characteristics of HepG2 Cells. ShP51 cells and HepG2 cells that express PXR adenovirally underwent EMT-like morphological changes and migrated when they were treated with RIF . Normally, ShP51 cells form an islet-like cell cluster and are indistinguishable from parental HepG2 cells. With RIF treatment, ShP51 cells became scattered and flattened (Fig. 5A) . Our recent work demonstrated that PXR elicits the p38 MAPK signaling pathways by activating the GADD45b gene to lead HepG2 cells to change morphology and migrate . Given that HNF4a is a key regulator of hepatic gene expression and determines characteristics of hepatic cells , we wondered about the consequence of loss of HNF4a on the morphological appearance of HepG2 cells. siRNA knockdown of HNF4a induced parental HepG2 cells to undergo morphological changes similar to those observed in ShP51 cells with RIF treatment (Fig. 5B) . Likewise, the previous report showed Fig. 4 . The AF2 domain determines the repression activity of PXR in the HNF4a P1 promoter. (A) HepG2 cells were infected with adeno-b-gal, adenohPXR, or adeno-hPXR ΔAF2 for 30 hours and treated with DMSO or RIF for an additional 24 hours in FBS-free MEM. From those cells, total RNAs and whole-cell lysates were prepared and subjected to real-time PCR and Western blotting. The levels of total HNF4a, HNF4a P1 promoter-driven, and CYP3A4 mRNAs are expressed by taking the levels in the HepG2 cells infected with adeno-b-gal and treated with DMSO as one. Columns represent the mean 6 S.D. from three independent experiments in triplicate. *P , 0.05 versus DMSO (Student's t test); **P , 0.01 versus DMSO (Student's t test). (B) After infection with the indicated adenovirus, HepG2 cells were treated with DMSO or RIF for 6 hours in FBS-free MEM and then subjected to ChIP assays with normal IgG or an anti-human PXR antibody as described in Materials and Methods. The relative enrichment of distal enhancer region of the HNF4a P1 promoter in the immunoprecipitated DNA fragments was determined by real-time PCR. The XREM of the CYP3A4 promoter was also analyzed as a gene that PXR upregulates. Values are normalized by amplification of sample inputs and expressed by taking the values in the HepG2 cells infected with adeno-b-gal and treated with DMSO as one. Columns represent the mean 6 S.D. from three independent experiments. *P , 0.05 (TukeyKramer's test); **P , 0.01 (Tukey-Kramer's test).
752 Kodama et al. at ASPET Journals on May 25, 2017 molpharm.aspetjournals.org Downloaded from that siRNA knockdown of HNF4a in HepG2 caused similar changes (Takagi et al., 2010) . Taken together, these observations raise a possibility that, besides eliciting the p38 MAPK signaling pathways, PXR downregulates HNF4a to change the characteristics of HepG2 cells.
PXR-Mediated Loss of HNF4a Is Responsible for IGFBP1 Induction. Considering that HNF4a orchestrates the expression of a large number of genes to determine the characteristics of hepatic cells (Li et al., 2000; Hayhurst et al., 2001; Rhee et al., 2003; Kyrmizi et al., 2006; Lazarevich and Alpern, 2008) , we hypothesized that PXR-mediated loss of HNF4a leads to broad changes in gene expression, so that PXR causes EMT-like morphological changes. Our DNA microarrays indicated that IGFBP1, IGFBP3, and HB-EGF mRNAs increase in RIF-treated ShP51 cells . Thus, real-time PCR was performed for confirmation. All three mRNAs were increased by RIF treatment in ShP51 cells but not in parental HepG2 cells, as observed with CYP3A4 mRNA (Fig. 6A) . Several studies have demonstrated that these secreted proteins are either positively or negatively associated with cell migration in various cell lines (Jones et al., 1993; Madarame et al., 2003; Caceres et al., 2008; Chesik et al., 2010; Lin et al., 2011) . Therefore, we used siRNA to examine whether the downregulation of HNF4a was the cause of their upregulation (Fig. 6A) . Transfection of HNF4a siRNA decreased the levels of HNF4a mRNA to 50% of that of control siRNA in both parental HepG2 cells and ShP51 cells. Knockdown of HNF4a significantly increased mRNA levels of IGFBP1 and IGFBP3, but not HB-EGF, in both cell lines, and cotreatment with RIF further increased their mRNA levels only in ShP51 cells (Fig. 6A) . As controls, we also confirmed that knockdown of HNF4a decreased mRNA levels of apolipoprotein C3 (APOC3) and sulfotranserase 1E1 (SULT1E1) in both cell lines and that RIF treatment further decreased their mRNA levels only in ShP51 cells (unpublished data). HNF4a has been reported to directly activate both the APOC3 and the SULT1E1 promoters (Ladias et al., 1992; .
Subsequently, we used Western blotting to determine the protein levels of IGFBP1 and HNF4a. IGFBP1 protein, which was expressed at low levels in ShP51 cells before RIF treatment, greatly increased after RIF treatment, whereas this protein was not detectable in HepG2 cells either before or after RIF treatment (Fig. 6B) . Consistent with the increase in its mRNA, the IGFBP1 protein was significantly increased after knockdown of HNF4a in ShP51 cells without RIF treatment (Fig. 6C) . On the other hand, the protein levels of IGFBP3 and HB-EGF appeared to be low and were not affected by RIF treatment and HNF4a knockdown (unpublished data). Therefore, IGFBP1 was selected for further investigation.
IGFBP1 Is Responsible for Cell Morphology and Migration. As mentioned, ShP51 cells, but not parental HepG2 cells, underwent EMT-like morphological changes and migrated when they were treated with RIF. To examine whether IGFBP1 played any role in the RIF-induced morphological changes and migration, we carried out immuneneutralizing assays by cotreating RIF with normal IgG, an anti-IGFBP1 antibody, or an anti-IGFBP3 antibody. As expected, cotreatment with normal IgG caused the same morphological changes, as observed in our recent work . Treatment with an anti-IGFBP1 antibody, on the other hand, inhibited the morphological changes (Fig.  7A ). No such inhibition was observed with an anti-IGFBP3 antibody.
Using the Boyden chamber technique, we examined IGFBP1 for its effects on the RIF-induced migration of ShP51 cells. The number of staining cells that migrated to the bottom surface of the chambers decreased after cotreatment with an anti-IGFBP1 antibody compared with those that migrated after cotreatment with normal IgG or an anti-IGFBP3 antibody (Fig.  7B) . RIF treatment increased migration approximately 4-fold in the presence of a normal IgG. Cotreatment with an anti-IGFBP1 antibody reduced this increase to approximately 2-fold, whereas an anti-IGFBP3 antibody did not reduce it. RIF, at concentrations greater than 100 mg/ml, has been reported to inhibit growth in various human cancer cells (Shichiri et al., 2009) . No significant differences in cell growth were observed during treatments and cotreatments in our present experiments (unpublished data). Thus, an anti-IGFBP1 antibody inhibited the RIF-induced migration of ShP51 cells. Conversely, treatment of ShP51 cells with a recombinant IGFBP1 protein increased cell migration in a dose-dependent manner, with 50 and 100% increases at 1 and 10 nM IGFBP1, respectively (Fig. 7 C) . No cell growth occurred after the IGFBP1 treatment (unpublished data). These results indicate that IGFBP1 is a PXR-induced factor responsible for cell 
Discussion
Xenobiotic exposure leads to diverse physiological consequences in the body through direct and indirect interactions with genes. PXR has been well characterized as a key mediator of xenobiotic action that interacts directly with a broad range of xenobiotics, including therapeutics, resulting in changes to gene regulation in the liver (Zhou et al., 2009 ). In particular, PXR is known to play the important roles in the various metabolic pathways in the liver. On the other hand, its roles in regulation of cellular signals are still far from being fully elucidated. Our recent study demonstrated that, upon activation by RIF, PXR activates the GADD45b gene to elicit the p38 MAPK-mediated cell migration signals in HCC HepG2 cells that stably express human PXR (called ShP51) . In the present study, IGFBP1 was demonstrated to be a PXR-regulated factor responsible for the RIFinduced EMT-like morphological changes and migration of ShP51 cells. PXR repressed the HNF4a gene by disrupting enhancer-promoter communication in the HNF4a P1 promoter and deacetylating histone H3. PXR-mediated downregulation of HNF4a resulted in upregulation of IGFBP1. Treatment with a recombinant IGFBP1 augmented migration of ShP51 cells, whereas an anti-IGFBP1 antibody attenuated the RIF-induced cell migration. The antibody treatment also inhibited the RIF-induced morphological changes. Thus, RIF activates the PXR-HNF4a-IGFBP1 pathway, signaling ShP51 cells to change morphology and migrate.
HNF4a, a member of the nuclear steroid/thyroid receptor superfamily, is an essential factor for the proper development and function of the liver (Sladek et al., 1990 ). Attenuation of HNF4a activity causes an EMT in human hepatocytes and promotes the progression of HCC (Lazarevich et al., 2004; Ning et al., 2010) . Therefore, the repression of HNF4a by PXR may have serious implications in drug-induced liver injuries and tumor development and metastasis; for example, frequent intrahepatic recurrence and metastasis are considered critical reasons for poor prognosis of patients with liver cancer (Imamura et al., 2003; Llovet et al., 2003; Shah et al., 2007a) . The present study has identified an upstream PXR response enhancer region within the HNF4a gene and has delineated the chromatin structure-based mechanism by which PXR represses transcription of the HNF4a gene. Not much is known about the direct HNF4a targets involved in EMT and/or migration at present; the Snail gene is the one that was characterized as the direct target of HNF4a to cause EMT (Cicchini et al., 2006) . Therefore, IGFBP1 provides an alternative opportunity for further insight into the molecular mechanism of drug-induced EMT and cell migration via the nuclear xenobiotic receptor PXR.
Relatively limited information is available on the transcriptional regulation of the HNF4a gene compared with its physiological importance elucidated by in vivo studies using mouse models. Structurally, the HNF4a P1 promoter can be divided into two major components: the distal enhancer region and the proximal promoter region. Previous work has demonstrated that the distal enhancer region and proximal promoter region form a complex to trigger a critical nucleosome remodeling at the transcription start site to initiate activation of the HNF4a gene (Hatzis and Talianidis, 2002) . In the present study, we found that, upon activation by RIF, PXR specifically targeted the distal enhancer to induce repressive changes in the chromatin structure of the HNF4a P1 promoter, such as disruption of enhancer-promoter communication and deacetylation of histone H3, so that PXR downregulated HNF4a in ShP51 cells. In this mechanism, HNF3b is considered a key molecule because a functional mutation at the HNF3-binding site in the distal enhancer significantly lowered the promoter activity and diminished the response to RIF treatment (Hatzis and Talianidis, 2002; Hatzis et al., 2006) . PXR was also found to interact with HNF3b in a ligand-dependent manner, and deletion of the AF2 domain resulted in a weakened intensity of the interaction and loss of ligand-dependency. Our ChIP assays supported this hypothesis, showing that RIF treatment caused recruitment of PXR and dissociation of HNF3b at the distal enhancer region. Moreover, the AF2 mutant could no longer target the distal enhancer and repress the transcription of HNF4a gene under RIF treatment. However, the key questions remain unclear: what specifically targets PXR to the distal enhancer, in which no apparent PXR-binding sequence was found, and what enables PXR to dissociate HNF3b from the distal enhancer? Posttranslational modifications, including phosphorylation and acetylation, are known to regulate nuclear localization of HNF3b and its DNA binding activity (Wolfrum et al., 2003; van der Heide and Smidt, 2005; Howell and Stoffel, 2009; Kohler and Cirillo, 2010) . The RIFdependent PXR-HNF3b complex might be susceptible to these post-translational modifications and the resulting HNF3b dissociation might destabilize the active chromatin structure in the HNF4a P1 promoter. It will be of interest for us to define the molecular mechanisms that underline this PXR-mediated gene repression.
IGFBP1 is one of six members within the IGFBP family that bind to insulin-like growth factor 1 and 2 (IGF1 and 2) and molpharm.aspetjournals.org modulate various insulin-like growth factor (IGF) actions such as IGF-dependent cell growth (Shimasaki and Ling, 1991; Jones and Clemmons, 1995; Valentinis et al., 1995) . In addition, IGFBPs can exhibit IGF-independent functions (Gleeson et al., 2001) . IGFBP1 contains an integrin recognition motif (Arg-Gly-Asp) and binds to the a5b1 integrin receptor, stimulating cell migration in the absence of IGF activity (Jones et al., 1993; Chesik et al., 2010) . During our cell morphology and migration assays, FBS was removed so that the conditions resembled the absence of IGF activity. Therefore, what we observed with IGFBP1 in RIF-treated ShP51 cells is consistent with the role of IGFBP1 in cell migration. In our recent work, we characterized a PXR-GADD45b-p38 MAPK pathway for the cellular signals that trigger morphological changes as well as migration of ShP51 cells . By identifying IGFBP1 as a PXR-regulated factor, we characterized the PXR-HNF4a-IGFBP1 pathway to be a second signal that regulates cell morphological changes and migration. The PXR-GADD45b-p38 MAPK pathway appears to act as an intracellular signal to stimulate cell migration, whereas the PXR-HNF4a-IGFBP1 pathway can be considered an autocrine/paracrine signal because IGFBP1 is a secreted protein (Jones et al., 1993; Chesik et al., 2010) . The simultaneous activation of both signaling pathways may result in a maximal cellular response. However, whether and how these two signaling pathways are linked remain important questions for future investigation into understanding PXR-mediated morphological changes and migration of ShP51 cells.
In conclusion, PXR, which is expressed in various cancerssuch as colon, ovary, breast, endometrial, and prostate cancers-has been suggested to be involved in tumor progression and drug resistance by inducing enzymes such as CYP3A4, thereby metabolizing therapeutics as well as steroid hormones such as estrogens (Masuyama et al., 2003; Chen et al., 2007; Gupta et al., 2008) . PXR has been reported to specifically activate the fibroblast growth factor 19 signal only in colon tumor cells, but not in normal intestinal cells, thereby enhancing their neoplastic characteristics (Wang et al., 2011) . Our recent study has demonstrated that PXR immediately elicits the p38 MAPK signaling pathways after ligand treatment to stimulate morphological changes and migration in well differentiated HepG2 cells. It is not understood, however, whether PXR activation initiates and/or promotes hepatocellular carcinoma development in either normal or injured livers. The PXR-HNF4a-IGFBP1 pathway can be activated by numerous xenobiotics, including therapeutics, providing an alternative mechanism by which PXR may become a risk factor for cancer development and treatment. Activation of this pathway may have diverse consequences in regulating cellular functions and fates, depending on the type and pathophysiological conditions of cells, such as drug toxicity and drug-drug interactions. Further work is needed to dissect the in vivo relevance of PXR activation in cancers, what the consequences of PXR activation are, and how PXR causes them.
